The pre-processing of subhaloes in SDSS groups and clusters by Hou, Annie et al.
ar
X
iv
:1
40
4.
75
04
v1
  [
as
tro
-p
h.G
A]
  2
9 A
pr
 20
14
Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 12 March 2018 (MN LATEX style file v2.2)
The pre-processing of subhaloes in SDSS groups and
clusters
Annie Hou1, Laura C. Parker1 & William E. Harris1
1Department of Physics & Astronomy, McMaster University, Hamilton ON L8S 4M1, Canada
12 March 2018
ABSTRACT
We investigate pre-processing using the observed quenched fraction of group and clus-
ter galaxies in the Yang et al. (2007) SDSS-DR7 group catalogue in the redshift range
of 0.01 < z < 0.045. We categorize group galaxies as virialized, infall or backsplash
and we apply a combination of the Dressler-Shectman statistic and group member
velocities to identify subhaloes. On average the fraction of galaxies that reside in sub-
haloes is a function of host halo mass, where more massive systems have a higher
fraction of subhalo galaxies both in the overall galaxy and infall populations. Addi-
tionally, we find that between 2 . r200 < 3 the quiescent fraction is higher in the
subhalo population with respect to both the field and non-subhalo populations. At
these large radii (2 . r200 < 3), the majority of galaxies (∼ 80%) belong to the infall
population and therefore, we attribute the enhanced quenching to infalling subhalo
galaxies, indicating that pre-processing has occurred in the subhalo population. We
conclude that pre-processing plays a significant role in the observed quiescent fraction,
but only for the most massive (Mhalo > 10
14.5
M⊙) systems in our sample.
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1 INTRODUCTION
Observational studies of rich galaxy clusters have shown
that most of the members are red early-type galax-
ies with little or no on-going star formation (Oemler
1974; Dressler 1980; Blanton et al. 2003; Balogh et al. 2004;
Baldry et al. 2006). While a high fraction of quiescent
(i.e. not actively star-forming) galaxies have been ob-
served in rich groups and clusters (Kauffmann et al. 2004;
Wilman et al. 2005; Peng et al. 2010; McGee et al. 2011;
Muzzin et al. 2012), recent results from observations and
simulations (both numerical and semi-analytic) indicate
that star formation quenching actually begins in low
mass haloes with Mhalo ∼ 1013M⊙ (McGee et al. 2009;
Balogh & McGee 2010; George et al. 2011; De Lucia et al.
2012; Wetzel et al. 2012). Additionally, there is evidence
that some cluster galaxies had their star formation quenched
in groups with Mhalo > 10
13M⊙ prior to accretion onto
the more massive cluster environment, a process often re-
ferred to as pre-processing (Zabludoff & Mulchaey 1998b;
Kawata & Mulchaey 2008; Berrier et al. 2009; McGee et al.
2009; De Lucia et al. 2012).
While quenching has been shown to occur in low mass
haloes, the significance of pre-processing is still a subject
of debate. Using N-body simulations Berrier et al. (2009)
found that 70% of their cluster (1014 < Mhalo < 10
14.6M⊙)
galaxies fell in directly from the field, while only ∼ 10%
fell in as members of group-sized haloes with Mhalo >
1013M⊙. Based on these results, Berrier et al. (2009) con-
cluded that pre-processing did not significantly contribute
to the quenched fractions observed in present-day clusters.
In contrast, both McGee et al. (2009) and De Lucia et al.
(2012) used semi-analytic models (SAMs) to show that ∼
25−45% of their simulated cluster galaxies fell in as members
of systems with Mhalo > 10
13M⊙, where the range depends
on the mass of the galaxy and the mass of the host cluster.
It should be noted that according to De Lucia et al. (2012),
part of the discrepancy between the results of Berrier et al.
(2009) and McGee et al. (2009) arises from differing defi-
nitions of ‘satellite’, with the former computing fractions
based on the time when a galaxy first becomes a satellite of
any halo and the latter when a galaxy becomes a satellite of
the final or present-day group or cluster. With the former
definition, De Lucia et al. (2012) find that their results are
not inconsistent with those of Berrier et al. (2009). A simi-
lar analysis was carried out using N-body hydrodynamical
simulations by Bahe´ et al. (2013). These authors found that
∼ 15 − 60% of galaxies in host haloes in the mass range of
1013.5 < Mhalo < 10
15.2M⊙ had been pre-processed where
the amount of pre-processing scaled with halo mass; mas-
sive haloes had a higher fraction of pre-processed galaxies
(Bahe´ et al. 2013).
Thus, the results of some SAMs (e.g. McGee et al.
2009; De Lucia et al. 2012) and numerical simulations (e.g.
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Bahe´ et al. 2013) predict that pre-processing can play an im-
portant role in quenching star formation, especially in mas-
sive clusters. If the simulation predictions of significant pre-
processing in groups and clusters are correct then it should
be possible to observe pre-processing by looking at the pop-
ulations of galaxies in different environments. The aim of
this paper is to investigate the significance of pre-processing
in a statistical sample of observed groups and clusters.
Pre-processing can be investigated by studying the
properties of infalling subhalo galaxies, where a subhalo
is defined as a collection of galaxies that reside in a small
halo embedded within a larger parent halo. Subhaloes can
be identified by performing substructure analysis with the
Dressler-Shectman (DS) Test (Dressler & Shectman 1988),
which can detect galaxies with kinematic properties that
deviate from those of the host halo. It should be noted
that this method of identifying subhaloes differs from those
used in numerical simulations. In particular, our observa-
tional definition of subhaloes is based on identification of
kinematically distinct galaxies and does not require the
galaxies within the subhalo to be gravitationally bound
to one another, which is usually the case for subhaloes
identified in simulations. Subhaloes, detected via the DS
Test, are preferentially found on the group or cluster out-
skirts (West & Bothun 1990; Zabludoff & Mulchaey 1998a;
Hou et al. 2012; Dressler et al. 2013) and the usual assump-
tion is that these systems are infalling. However, numeri-
cal simulations have shown that a large fraction of galax-
ies beyond the virial radius, and out to ∼ 2.5 virial radii,
have already passed through the group or cluster core
(i.e. backsplash galaxies: Balogh et al. 2000; Mamon et al.
2004; Gill et al. 2005; Mahajan et al. 2011; Pimbblet 2011;
Bahe´ et al. 2013; Oman et al. 2013). Backsplash galaxies
may have experienced star formation quenching due to more
massive group - or cluster-related processes, and it has been
suggested that much of the environmental quenching beyond
the virial radius (out to ∼ 2.5 virial radii) is most likely due
to the presence of a backsplash population (Wetzel et al.
2014). In contrast, the infall population typically refers to
galaxies that are infalling onto the host system for the first
time. Thus, any observed enhanced quenching must be a
result of a transformation that occurred prior to accretion
onto the host halo.
Currently, most methods of distinguishing between the
virialized, infall and backsplash populations in observed
groups and clusters are based on the results of simulated sys-
tems. These classification schemes typically involve examin-
ing |∆cz|/σ distributions (Gill et al. 2005; Pimbblet 2011) or
dividing the ∆cz/σ−r200 plane into regions occupied by viri-
alized, infall and backsplash galaxies (Mahajan et al. 2011;
Oman et al. 2013). Although each population resides in a
distinct region in the full phase-space of simulated clusters,
projection effects can distort these clear divisions and there
is often contamination between the observed populations (to
be discussed in more detail in Section 4.4). In addition to
differences in their phase-space locations, infall and back-
splash galaxies should also have subtle differences in their
stellar mass distributions. As a result of tidal disruption,
backsplash galaxies should be on average less massive than
infalling galaxies at the same radius (Gill et al. 2005), and
galaxies infalling in subhaloes will typically be more massive
than individual infalling galaxies (McGee et al. 2009). Thus,
in order to better probe pre-processing and environmental
effects on galaxy evolution, it is important to examine the
properties of virialized, infall and backsplash galaxies as a
function of stellar mass and over a wide range of masses.
Although it is well known that high-density envi-
ronments, such as groups and clusters, show signs of
enhanced star formation quenching with respect to the
field (Kauffmann et al. 2004; Rines et al. 2005; Kimm et al.
2009; Wetzel et al. 2012; Woo et al. 2013), the processes
that dominate this transformation are still debated. Com-
paring the properties of infalling and backsplash subhalo
galaxies allows us to probe the relative importance of rich
group- and cluster-related processes, which are observable in
the backsplash population, to pre-processing in lower mass
haloes, which can be observed in the infalling subhalo pop-
ulation.
In this paper we use a well-studied SDSS group cata-
logue to probe the properties of subhalo galaxies in groups
and clusters in order to investigate the amount of pre-
processing that occurs and to study the relative importance
of the lower mass group environment in the evolution of
galaxies. The paper is structured as follows: in Section 2, we
present our group and galaxy sample and in Section 3, we
discuss how we identify subhaloes. We compare the prop-
erties of the non-subhalo and subhalo populations, as well
as compare the virialized, infall and backsplash subpopula-
tions in Section 4. Finally, in Section 5, we discuss our results
and present our conclusions in Section 6. Throughout this
paper we assume a ΛCDM cosmology with Ωm,0 = 0.31,
ΩΛ,0 = 0.69 and H0 = 70 km s
−1 Mpc−1.
2 DATA
Observational results have found correlations between host
environments and galaxy properties; however, these cor-
relations are more easily observed in low mass galaxies
(e.g. Peng et al. 2010; Carollo et al. 2013; Hou et al. 2013).
Thus, to fully investigate the role of pre-processing in
galaxy groups, we require a large sample of group and clus-
ter galaxies that is complete down to low stellar masses
(log10(Mstar/M⊙) ∼ 9.5), where environmental trends are
expected to be more significant. These requirements can be
achieved with the Yang et al. (2007) Sloan Digital Sky Sur-
vey (SDSS) group catalogue.
2.1 The SDSS-DR7 Galaxy Catalogue
The galaxy magnitudes, extinctions, k-corrections and stel-
lar masses are obtained from the New York University Value
Added Catalogue (NYU-VAGC: Blanton et al. 2005). The
k-corrections and stellar masses are computed following the
methodology of Blanton & Roweis (2007), which assume a
Chabrier Initial Mass Function (IMF). The star formation
rates (SFRs) and specific star formation rates (SSFR =
SFR/Mstar) are from the most recent release of the spec-
tral reductions of Brinchmann et al. (2004)1. The SSFRs are
measured from emission lines, whenever available, or deter-
mined from the 4000 A˚ break (Dn4000) when there are no
1 http://www.mpa-garching.mpg.de/SDSS/DR7
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clear emission lines or in the presence of strong contami-
nation from active galactic nuclei (Brinchmann et al. 2004).
It should be noted that SSFRs obtained from the Dn4000
value, which are typically values < 10−12 yr−1, are not ex-
act measures of SSFR but should instead be taken as an
upper limit. The average 2σ errors on the SFR estimates
are between 0.5 - 1.0 dex, where galaxies with higher SSFRs
have lower errors (Brinchmann et al. 2004).
The effects of the environment and the importance of
pre-processing are probed via the quiescent fraction (here-
after fq ), where fq is defined as
fq =
# galaxies with SSFR < 10−11 yr−1
total # of galaxies
, (1)
with SSFR = 10−11 yr−1 marking the division between the
main sequence of star-forming galaxies and the quiescent
galaxies in the SSFR-stellar mass plane (McGee et al. 2011;
Wetzel et al. 2012). It should also be noted that the val-
ues in Equation 1 are weighted to account for spectroscopic
incompleteness using the completeness values computed in
Yang et al. (2007).
An advantage of studying environmental effects via fq,
rather than with mean SSFR or SSFR distributions, is that
the aforementioned uncertainty in low values of SSFR de-
rived by Brinchmann et al. (2004) do not affect the results
of our analysis. To ensure that the quiescent fraction is not
biased, we use a stellar mass complete sample. As a result
of the magnitude limit of the SDSS survey, the stellar mass
completeness limit is a function of redshift. Therefore, in or-
der to include low mass galaxies in our analysis we restrict
the redshift range to z 6 0.045, which provides us with
a sample that is complete down to 3.2 × 109M⊙. Analysis
is performed on satellite galaxies with all ‘central’ galax-
ies, taken to be the most massive galaxy as identified by
Yang et al. (2007), removed from our sample.
2.2 The SDSS Group Catalogue
Our sample consists of groups and clusters identified in
SDSS by Yang et al. (2007). These authors identify groups
using all galaxies in the SDSS-DR7 sample brighter than
the survey magnitude limit of r 6 17.77 and with spec-
troscopic completeness > 70%. The groups are identified
with a halo-based group finder, which uses a traditional
friends-of-friends algorithm to identify potential systems
and then adds or removes members iteratively based on
the mass of the dark matter halo and the assumption that
the distribution of galaxies follows that of dark matter
haloes, which is assumed to be a projected NFW profile
(Navarro et al. 1996). The mass of the halo is determined
initially from the total or characteristic luminosity (L19.5 in
Yang et al. 2007) of all the potential group members with
0.1Mr,lim − 5 log h−1 6 −19.5, where 0.1Mr,lim is the abso-
lute magnitude limit at the redshift of the group k-corrected
to z = 0.1, and a constant mass-to-light (M/L) ratio of
500M⊙/L⊙. It should be noted that only for the first iter-
ation is a constant M/L ratio used; for all subsequent it-
erations the Mhalo/L19.5 − L19.5 relation from the previous
iteration is used to determine the halo mass. In addition, an
initial velocity dispersion and size are computed from the
members of the potential group. Using this initial mass, size
and dispersion, as well as an assumed NFW radial profile
and a Gaussian distribution for the line-of-sight (LOS) veloc-
ities, the algorithm then adds or removes members until no
further members can be added and the Mhalo/L19.5 − L19.5
relation converges.
The Yang et al. (2007) group finder identifies systems
that cover a wide range of masses, from isolated galaxies
to rich clusters (Mhalo ∼ 1015M⊙). These authors carried
out performance tests of their halo-based group finder using
a mock galaxy redshift survey made to mimic the SDSS-
DR4 sample. The performance of the group finder was char-
acterized by the completeness (fc), defined as the number
of members identified over the total number of true group
members, and the contamination (fi), defined as the num-
ber of interloping non-members over the total number of
true members. Yang et al. (2007) found that the percent-
age of groups with 100% completeness ranged from ∼ 93%
in low-mass groups (1012.5 < Mhalo 6 10
13.5M⊙) to 60% for
the most massive clusters (1014.5 < Mhalo 6 10
15M⊙). Since
the majority of systems in our sample are in the low-mass
halo regime, it is expected that our groups are relatively
complete. The contamination from interlopers appears to
be mostly independent of halo mass. On average ∼ 65%
of the systems had no contamination at all and ∼ 85% had
fi 6 0.5. Interloper galaxies are typically either field galaxies
or members of nearby massive groups with similar projected
spatial positions but offsets along the LOS. The impact of
the number of interloping galaxies needs to be explored in
detail with mock catalogues from simulations, which we re-
serve for future work. However, we discuss possible implica-
tions of interloping galaxies for this work in Section 3.
In this analysis, we only study systems with nmembers >
10, which is the minimum group membership for reliable
substructure analysis (Hou et al. 2012). This leaves us with
a total of 306 groups and 9095 member galaxies. Addition-
ally, while our sample contains both groups (i.e. systems
with 1012 . Mhalo . 10
14M⊙) and clusters (i.e. systems
with Mhalo & 10
14M⊙), we will refer to all systems as
‘groups’ for simplicity. In Figure 1, we show the main prop-
erties of the groups in our sample and plot the group veloc-
ity dispersion (σrest) versus group richness (nmembers) for the
systems in our sample. The dispersion (σrest) is the observed
velocity dispersion (σobs) computed via the Gapper Estima-
tor (Beers et al. 1990) from all member galaxies above our
stellar mass completeness limit and then corrected for red-
shift (i.e. σrest = σobs/(1 + z)). The group richness is taken
to be the number of group members after our stellar mass
cut of 3.16× 109M⊙ is applied and is therefore the number
of members used in the dynamical analysis presented in this
work. The majority of our sample resides in the group regime
with 100 < σrest < 400 km s
−1 and 10 6 nmembers . 50 (Fig-
ure 1). While our sample is primarily composed of group-
sized haloes, there are several rich group- and cluster-sized
systems with 42 out of the 306 groups having nmembers > 50.
3 IDENTIFYING SUBHALOES
In order to investigate whether pre-processed galaxies con-
tribute to the observed morphology-/colour-density rela-
tions (e.g. Dressler 1980; Blanton et al. 2003; Balogh et al.
2004; Baldry et al. 2006; Bamford et al. 2009), we must first
identify subhaloes, which we define as a collection of galax-
c© 0000 RAS, MNRAS 000, 000–000
4 Hou et al.
Figure 1. Rest-frame group velocity dispersion (σrest) versus
group richness (nmembers) for our group sample. The value of
nmembers is taken to be the number of group members after our
stellar mass cut of 3.16 × 109M⊙ is applied. The majority of
the groups in our sample have 100 < σrest < 400 km s−1 and
10 6 nmembers . 50.
ies that occupy the same halo within a larger host group
halo. One method of identifying subhaloes is to look for
substructure, which is believed to be an indication of the
recent accretion of galaxies or small groups of galaxies. As
in our previous work (Hou et al. 2012, 2013), we identify
substructure using a modified version of the DS Test on
all groups with Nmembers > 10 in our SDSS sample. The DS
Test (Dressler & Shectman 1988) uses both spatial and LOS
velocity information to identify substructure and searches
for members or groups of members with kinematic prop-
erties that deviate from those of the host group. The DS
δi-deviation is computed for each galaxy as
δi =
(
Nnn + 1
σ2
)[(
νilocal − ν
)2
+
(
σilocal − σ
)2]
, (2)
where 1 6 i 6 nmembers, Nnn =
√
nmembers rounded down
to the nearest integer in the modified version of the test
(Pinkney et al. 1996; Zabludoff & Mulchaey 1998a), νilocal
and σilocal are the mean velocity and velocity dispersion of
the galaxy plus itsNnn neighbours (as projected on the sky),
and ν and σ are the mean velocity and velocity dispersion
of the host group. Galaxies with large δi-values have large
kinematic deviations and could indicate new group members
that have yet to adopt the kinematic properties of the host
group. To determine whether a group contains significant
substructure, the sum of DS deviations is computed as
∆ =
n∑
i=1
δi. (3)
Monte Carlo methods are then used to determine the prob-
ability that the computed ∆ value can be obtained from
a random distribution of galaxy positions and velocities.
The probability is computed by comparing the observed ∆-
Figure 2. Histogram of DS δi-deviations (Eqn. 2) for all the
SDSS satellite group members in our sample. The dashed vertical
line represents the minimum δi-value required to be considered as
part of a subhalo (i.e. δi > 1.8. Approximately 25% of the sample
lie above δi = 1.8.
value to ‘shuffled ∆-values’, which are computed by ran-
domly shuffling the observed velocities and then reassign-
ing them to the observed member galaxy positions. Systems
with probabilities below a given confidence level (typically
1 or 5 %) are identified as having significant substructure.
In our previous work, we focused on comparing groups
with and without detectable substructure using the ∆ statis-
tic (Hou et al. 2012, 2013). However, the goal of this work
is to investigate the role of pre-processing, which requires
the identification of individual subhaloes. A simple way
to identify subhaloes involves a combined analysis of the
group ‘bubble-plot’, that is a position plot of the group
members where the symbols are weighted by exp(δi) and
the group velocity distribution (Dressler & Shectman 1988;
Dressler et al. 2013). In the bubble-plots the size of the sym-
bols scale with the DS δi-deviation, therefore larger sym-
bols correspond to galaxies with larger kinematic deviations
from the group average. Subhalo candidates are identified
in the bubble-plots as regions where several galaxies have
similarly large symbols. The DS δi-deviation does not take
into account the sign of the galaxy velocity (Equation 2),
therefore to ensure that the galaxies are also correlated in
velocity-space, Dressler et al. (2013) look at the velocity dis-
tribution of the subhalo candidates. If the candidate galaxies
span a small enough range in velocity (. 1000km s−1) then
Dressler et al. (2013) identify these as a subhalo.
While the bubble-plots are effective in identifying sub-
haloes, it is not feasible to carry out visual inspection for
a large sample of groups. Therefore, we automate this pro-
cess by defining subhaloes as a collection of at least three
neighbouring galaxies, as projected on the plane of the sky,
with δi > 1.8 that lie within a narrow range of LOS veloci-
ties of each other. The minimum value of three neighbour-
ing galaxies in our subhaloes corresponds to the fact that
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Left: Declination (DEC) versus Right Ascension (RA) for Yang et al. (2007) SDSS Group 138 where the symbols scale
with exp(δi), often referred to as DS ‘bubble-plots’, and larger symbols correspond to larger kinematic deviations from the host group
properties. Black symbols represent galaxies with δi < 1.8, blue symbols represent galaxies with δi > 1.8 and the red crosses indicate
galaxies that have been identified as being part of subhalo by our automated subhalo finder. Right: Same as left except for Yang et al.
(2007) SDSS Group 433. The red dashed circle indicates the virial radius (i.e. r200) of each system and corresponds to values of 1.27 and
1.57 Mpc for Groups 138 and 433. Subhalo galaxies identified with our automated finder (represented by red crosses) generally match
those that would be identified via visual inspection (represented by blue symbols).
the modified version of the DS Test uses Nnn =
√
nmembers
(rounded down to the nearest integer) to compute δi (Equa-
tion 2). Since our smallest groups have nmembers = 10 then
at minimum Nnn = 3. The δi > 1.8 requirement results from
the observation that the average δi-value is approximately 1,
which can be seen in the δi-distribution shown in Figure 2.
We choose the value of δi = 1.8 so that ∼ 25% of the galaxies
in our sample lie above the cut-off, but our results are not
sensitive to the particular value of δi that is used. The LOS
velocity cut applied around each galaxy ensures that the
candidate subhalo galaxies are not only close in projection
on the sky, but also correlated in redshift space. Since our
sample includes groups that span a wide range in halo mass
and group richness (Figure 1), we set our LOS velocity cut
equal to σrest, which allows the velocity range for subhalo
galaxies to scale with the mass of the host group. Theoreti-
cally, subhaloes should also span a wide range in mass; how-
ever, massive subhaloes (∼ 1013M⊙) are likely only found
in cluster-sized systems (& 1014M⊙: McGee et al. 2009). A
constant LOS velocity cut applied to all subhaloes would
either be too restrictive for rich clusters or too relaxed for
lower mass groups. While we cannot reliably determine the
masses of our identified subhaloes, due to the small num-
ber of galaxies within a given subhalo, visual inspection of
our systems shows that subhaloes in lower mass groups typ-
ically only have a few member galaxies, while more massive
systems can contain subhaloes with as few as three and as
many as ∼ 10 member galaxies. Thus, our methodology re-
flects the expected range in subhalo masses for a given group
halo mass.
We now compare our automated subhalo finder to the
visual inspection methodology described in Dressler et al.
(2013). In Figure 3, we show bubble-plots for two example
groups in our sample, Yang et al. (2007) SDSS Groups 138
(left) and 433 (right). Galaxies with δi < 1.8 are indicated
by black symbols, galaxies with δi > 1.8 are indicated by
blue symbols and the size of the symbols scale with exp(δi).
In addition, we also indicate the galaxies identified as sub-
halo members using our automated algorithm (red crosses
in Figure 3). In both Groups 138 and 433, our subhalo finder
clearly identifies the collection of galaxies with the largest
DS δi-deviations (Figure 3). It appears that our automated
method is able to identify the same subhaloes that a visual
inspection would detect. This methodology was applied to
all groups in our sample and we find that our algorithm sys-
tematically reproduces the subhalo population identified via
visual inspection.
In Section 2.2, we mentioned that in some cases the
groups identified in Yang et al. (2007) suffered from con-
tamination from interloping galaxies. Recall that ∼ 85%
of the systems in the Yang et al. (2007) group catalogue
have anywhere between 0− 50% contamination from inter-
loping galaxies, which were typically galaxies on the out-
skirts of neighbouring groups along the LOS. To determine
the importance of contamination from neighbouring galax-
ies within our subhaloes, we computed the number of groups
with subhaloes with close neighbours, defined as groups that
are within 3r200 and 3σ (along the LOS) of another group.
We found that only ∼ 5% of our sample of groups with sub-
haloes had close neighbours, indicating that contamination
from neighbouring groups does not have a significant effect
on our identification of subhalo galaxies.
c© 0000 RAS, MNRAS 000, 000–000
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4 COMPARING SUBHALO AND
NON-SUBHALO GALAXIES
With our automated subhalo finder, we identify subhaloes
in our group sample and find that in total ∼ 10% of all
group galaxies reside in subhaloes. We then construct sam-
ples of subhalo and non-subhalo galaxies and in this section
we compare the galaxy properties of these two populations.
4.1 Halo Mass Distributions
In Figure 4, we show the differential (left) and cumulative
(right) halo mass distributions for groups with no subhaloes
(black solid line) and for groups with subhaloes identified
with the methodology described in Section 3 (red dashed
line). The halo mass distributions for groups with and with-
out subhaloes are distinct at the > 99% confidence level
based on the results of a two-sample KS Test. It is clear that
subhaloes preferentially reside in more massive systems (Fig-
ure 4). Almost all (∼ 95%) of the groups with no identified
subhaloes have halo masses 6 1014M⊙, while a significantly
lower fraction (∼ 60%) of groups with subhaloes lie below
this halo mass. These results are generally in good agreement
with results from numerical simulations and semi-analytic
models (SAMs), which suggest that subhaloes are more com-
mon in more massive host groups (e.g. De Lucia et al. 2012;
Bahe´ et al. 2013; Wetzel et al. 2013). We discuss the rela-
tionship between subhaloes and halo mass in more detail in
Section 5.
4.2 Stellar Mass Distributions
We show the differential (left) and cumulative (right) stel-
lar mass distributions for non-subhalo (black solid line) and
subhalo (red dashed line) galaxies in Figure 5. Although the
non-subhalo and subhalo stellar mass distributions appear
similar, a two-sample KS Test indicates that these two dis-
tributions likely come from distinct parent distributions at
the > 96% confidence level. The main differences between
the two populations is that the subhalo population appears
to have fewer low mass (log10(Mstar/M⊙) . 10) galaxies and
a slightly higher fraction of more massive galaxies (Figure
5: left). However, it should be noted that the differences in
the stellar mass distributions of non-subhalo and subhalo
galaxies are subtle and on the order of, at most, a few per-
cent (Figure 5: right). We discuss whether these differences
in the stellar mass distribution affect our results in Section
4.3.
4.3 Radial Trends
In order to obtain better statistics for our analysis, we look
at the stacked group properties. Our group sample consists
of groups with varying sizes and so we show radial trends as
a function of rproj./r200, where rproj. is the projected group-
centric radius and r200 is defined as the radius within which
the average density is 200 times the critical density of the
Universe. We use an approximation of the phsyical virial
radius as defined in Carlberg et al. (1997)
r200 =
√
3σrest
10H(z)
, (4)
where H(z) = H0
√
Ωm,0(1 + z)3 + ΩΛ,0.
4.3.1 Radial Distributions
In Figure 6, we show the differential (left) and cumulative
(right) group-centric radial distributions for galaxies in the
non-subhalo (black solid line) and subhalo (red dashed line)
populations in our stellar mass complete sample. From Fig-
ure 6, we see that the two distributions differ and results
from a two-sample KS Test confirm that the subhalo and
non-subhalo radial distributions come from different parent
distributions at the > 99% confidence level. Additionally, we
find that subhalo galaxies are preferentially found at larger
radii when compared to non-subhalo galaxies (Figure 6).
The majority (∼ 60%) of the galaxies in the non-subhalo
population reside within the virial radius and the fraction of
galaxies decreases with increasing radius. In contrast, there
appears to be a dearth of subhalo galaxies close to the group
core with ∼ 60% of subhalo galaxies found beyond the virial
radius.
4.3.2 Quiescent fraction versus radius
Differences between subhalo and non-subhalo galaxies can
be probed by looking at their SSFRs via the quiescent
fraction (fq). In Figure 7, we show fq versus rproj./r200
for non-subhalo (black circles) and subhalo (red crosses)
galaxies in our entire sample of satellite galaxies (top-left
panel), for low mass satellites (9.5 < log10(Mstar/M⊙) < 10:
top-right panel), for intermediate mass satellites (10 <
log10(Mstar/M⊙) < 10.5: bottom-left panel) and high mass
satellites (log10(Mstar/M⊙) > 10.5: bottom-right panel).
The group-centric radius covers a range between 0 <
rproj./r200 < 3 and the data are plotted at the mean value
of each bin, which have widths of 0.75 r200. The dashed
horizontal black line corresponds to the observed quiescent
fraction in the field, where field galaxies are taken to be the
isolated galaxies in the Yang et al. (2007) catalogue.
In the top-left panel of Figure 7 we see that for the over-
all group galaxy population fq is significantly higher than in
the field at all radii, indicating that group galaxies experi-
ence environmental star formation quenching out to at least
three virial radii. It should be noted that the quiescent frac-
tion for the overall satellite population is weighted to match
the group galaxy stellar mass distribution for a better com-
parison between the field and group samples. This result is in
agreement with previous observations that also find a higher
quiescent fraction in groups with respect to the field as far
out as ∼ 5r200 (e.g. von der Linden et al. 2010; Bahe´ et al.
2013; Wetzel et al. 2014). Comparing group and field galax-
ies at a given stellar mass, we find enhanced quenching in
low and intermediate mass group galaxies at almost all radii.
For high mass galaxies, the non-subhalo population shows
enhanced quenching at small radii (r < 1.5r200), but have
fq values similar to field on the group outskirts (Figure 7:
bottom-right panel). The high mass subhalo galaxies show
enhanced quenching, with respect to the field, closer to the
group core (r < 0.75r200) and just beyond the virial radius
(1.5 < r < 2.25r200).
As a function of radius, we see that for non-subhalo
galaxies at all stellar masses the general trend is that fq de-
creases with increasing group-centric radius within ∼ 1.5r200
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Figure 4. Left: Differential halo mass distribution for galaxies in groups with no identified subhaloes (black solid line) and groups with
subhaloes (red dashed line). Right: Same as left except we plot the cumulative halo mass distributions. It is clear that groups with
subhaloes preferentially reside in more massive systems.
Figure 5. Left: Normalized differential stellar mass distribution of galaxies with Mstar > 3.16 × 109M⊙ in the non-subhalo (black
solid line) and subhalo (red dashed line) populations. Right: same as left except we plot the cumulative stellar mass distributions. The
non-subhalo and subhalo stellar mass distributions appear similar; however they are distinct a the > 96% confidence level based on the
results of a two-sample KS Test.
and then flattens on the group outskirts (Figure 7). The sub-
halo galaxy population shows a different radial trend from
non-subhalo galaxies, in both the overall satellite population
and at fixed stellar mass, where fq decreases with increas-
ing radius within ∼ 1.5r200 but then appears to increase
at large radii (Figure 7). These results indicate that on the
group outskirts subhalo galaxies have experienced enhanced
star formation quenching, with respect to the non-subhalo
population. Within the virial radius the quiescent fractions
in non-subhalo and subhalo galaxies are similar; however, at
large radii fq is higher in the subhalo population at all stellar
masses, although a statistically significant difference is only
observed in low and intermediate mass satellites beyond two
virial radii (Figure 7).
In Figure 5 we found that the non-subhalo and sub-
halo stellar mass distributions differed slightly, where more
massive galaxies are preferentially found in subhaloes. The
quiescent fraction has also been shown to correlate with
stellar mass where more massive galaxies typically have
higher values of fq (e.g. Kimm et al. 2009; Wetzel et al.
2012; Hou et al. 2013; Woo et al. 2013). While this could
potentially affect the overall galaxy population (Figure 7:
top-left panel), the difference in the stellar mass distribu-
tions of non-subhalo and subhalo populations is very small.
More importantly, we still observe higher fq at fixed stellar
in the subhalo population (Figure 7), which suggests that
environmental effects contribute to the enhanced quenching.
4.4 Separating virialized, infalling and backsplash
galaxies
In Section 4.3, we showed that the fq−r200 trend for subhalo
and non-subhalo galaxies differed on the group outskirts.
As a result, one might naively assume that the identified
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Figure 6. Left: Differential radial distributions of galaxies with Mstar > 3.16× 109M⊙ in the non-subhalo (black solid line) and subhalo
(red dashed line) populations. Right: same as left except we plot the cumulative radial distributions. Subhalo galaxies are preferentially
located on the group outskirts.
subhaloes are infalling low mass groups. However, numer-
ous simulations have shown that backsplash galaxies can
extend as far out as 2-3 virial radii (Balogh et al. 2000;
Mamon et al. 2004; Gill et al. 2005; Oman et al. 2013). Ad-
ditionally, results from semi-analytic models have shown
that subhaloes can survive, that is maintain the kinematic
properties of the subhalo, for several orbits within the host
group potential (Taylor & Babul 2004). Therefore, our goal
is to distinguish between the infall and backsplash popula-
tions in order to see if our subhaloes are composed of pre-
processed infalling galaxies or backsplash galaxies that have
been quenched after passing through the host group core.
Although it is notoriously difficult to disentangle the infall
and backsplash populations, there has been significant ef-
fort in recent years using simulations and mock catalogues
to develop a classification scheme from observable proper-
ties (Gill et al. 2005; Mahajan et al. 2011; Pimbblet 2011).
We make use of a combination of these schemes to identify
virialized, infall and backsplash galaxies in our sample.
One way to determine if our groups contain infall and
backsplash satellites is to look at the distribution of the
galaxy velocities (∆cz) as a function of the group velocity
dispersion (σ). Backsplash galaxies will have been slowed
due to dynamical friction within the group core and will
therefore have low |∆cz|/σ values at fixed radius (Gill et al.
2005). In contrast, infalling galaxies can have a wide range
of velocities depending on their orbital parameters; though
galaxies with high velocities (i.e. |∆cz|/σ & 1) are likely
all infalling. Using N-body simulations, Gill et al. (2005)
showed that backsplash galaxies have a narrow centrally
peaked |∆cz|/σ distribution, while infalling satellites have
a broader distribution with a non-zero peak. While it is
difficult to separate infall and backsplash galaxies from
an observed, and therefore projected, |∆cz|/σ distribution,
Pimbblet (2011) found that by binning the |∆cz|/σ his-
togram into narrow bins of radius, it is possible to identify
regions where infalling galaxies dominate. More specifically,
these authors found that bimodality and/or a shift in the
peak of the |∆cz|/σ distribution to larger values indicated
a large infall population.
In Figure 8, we show the |∆cz|/σrest histograms in nar-
row radial bins for non-subhalo (left) and subhalo (right)
galaxies and also list the number of galaxies in each bin.
For the non-subhalo galaxies we see that for almost all ra-
dial bins the |∆cz|/σrest distribution is broad and gener-
ally centrally peaked, indicating a mixed population of viri-
alized (for galaxies with r < r200), infall and backsplash
galaxies out to 2r200 (Gill et al. 2005). Only on the out-
skirts (2 6 r200 6 3.0) are there signs of a large infall
population, indicated by the emergence of a second peak
at |∆cz|/σrest ∼ 0.5. In contrast, the subhalo galaxies (Fig-
ure 8: right) show signs of a strong infall population just
beyond the virial radius and out to 3r200. The |∆cz|/σrest
distributions for galaxies between 1−2.5r200 either show bi-
modality or an offset peak, which are both indications of a
dominant infall population (Gill et al. 2005; Pimbblet 2011).
There are too few subhalo galaxies in the 2.5 < r < 3r200
bin to comment on the shape of the |∆cz|/σrest distribution;
however, it is clear that most of the galaxies have relatively
high velocities and are likely infalling.
The |∆cz|/σ distributions for the subhalo galaxies
shown in Figure 8 indicate the presence of a dominant infall
population; however, it is not possible to distinguish be-
tween infall and backsplash galaxies from these histograms
alone. Using N-body simulations, both Gill et al. (2005) and
Oman et al. (2013) showed that in 6-d phase-space (x, y, z,
vx, vy and vz), the regions occupied by each population are
for the most part distinct. However, once this phase-space
is collapsed into observables (i.e. x, y and vz), projection
effects tend to fill out much of the empty phase-space that
separated the populations. While there is no ideal method
to distinguish between infall and backsplash galaxies in ob-
served groups, there are ways to roughly approximate re-
gions occupied by either population. Mahajan et al. (2011)
found that the fraction of virialized, infalling and backsplash
galaxies occupied distinct regions in the vr/Vv−r/Rv plane,
where r and vr are the radial phase-space coordinates, Vv is
the group or cluster velocity dispersion and Rv is the virial
radius of the system. To distinguish between the different
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Figure 7. Top-left: Quiescent fraction (fq) versus rproj./r200 for all satellite non-subhalo galaxies (black circles) and all satellite subhalo
galaxies (red crosses). Top-right: same as top-left except only for the low mass (9.5 < log10(Mstar/M⊙) < 10) galaxies. Bottom-left:
same as top-left except for intermediate mass (10 < log10(Mstar/M⊙) < 10.5) galaxies. Bottom-right: same as top-left except for high
mass (log10(Mstar/M⊙) > 10.5) galaxies. The data are plotted at the mean value of each radial bin, which has a width of 0.75 r200. The
dashed horizontal black line represents the quiescent fraction in isolated field galaxies in the aforementioned stellar mass bins. For the
overall satellite population (top-left panel) the field quiescent fraction is weighted to match the group galaxy stellar mass distribution.
Errors are computed following Cameron (2011). In general, the group galaxies (both non-subhalo and subhalo) have higher quiescent
fractions than observed in the field. Additionally, on the group outskirts, fq is higher in subhalo galaxies with respect to non-subhalo
galaxies, indicating that enhanced quenching has occurred.
galaxy populations, Mahajan et al. (2011) make the follow-
ing cut
vr
Vv
= −1.8 + 1.06
(
r
Rr
)
, (5)
to separate backsplash and infall galaxies and a cut at one
virial radius to separate virialized and infall galaxies. Within
the viral radius there is an additional cut to separate virial-
ized and infall galaxies, which is the mirror slope of Equa-
tion 5. It should be noted that while these cuts are based on
the full 6-d phase-space data, the density contours for the
virialized, infall and backsplash populations occupy simi-
lar regions in projected space, though with significant over-
lap, and therefore contamination between the populations
(Mahajan et al. 2011). While the distinct regions are not
as clear in projected space, the divisions made by Equation
5 allow us to approximately distinguish between infall and
backsplash subhaloes, rather than assuming all subhaloes
are infalling. Therefore, we apply a cut analogous to Equa-
tion 5, except vr/Vv is replaced by the observable quantity
∆cz/σrest and r/Rr is replaced by rproj./r200. Additionally,
the aforementioned classification scheme is one of five mod-
els tested by Mahajan et al. (2011). While we elect to use the
best-fitting scheme, as determined by Mahajan et al. (2011),
it should be noted that the fraction of backsplash galaxies
can change by as much as ∼ 20% depending on the classifi-
cation scheme used.
In Figure 9, we plot ∆cz/σrest versus rproj./r200 for our
population of non-subhalo galaxies (gray crosses) and sub-
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Figure 8. |∆cz|/σrest histograms for non-subhalo (left) and subhalo (right) galaxies in the 0 < r200 < 3 range in bins of 0.5rproj/r200.
For each radial bin we list the number of galaxies in each population.
halo galaxies (red triangles). As in Mahajan et al. (2011), we
divide the ∆cz/σrest − r200 plane into regions of virialized
(Region A), infalling (Regions B) and backsplash (Region C)
with Equation 5 and a cut at rproj./r200 = 1.0. Both subhalo
and non-subhalo galaxies occupy all three regions of Figure
9, though there are some visible differences between the two
populations. In particular, there are few subhalo galaxies
close to the group core (also seen in Figure 6) and there ap-
pears to be an excess of subhalo galaxies, with respect to the
non-subhalo population, in the bottom-right hand corner of
Figure 9. This area corresponds to the region occupied by
only infalling galaxies in the full 6-D phase space diagram
shown in Mahajan et al. (2011).
With the divisions shown in Figure 9, we separate our
sample into virialized, infalling and backsplash galaxies.
In Figure 10 we show the fraction of virialized (crosses),
infalling (circles) and backsplash (triangles) for the non-
subhalo (black symbols and lines) and subhalo (red symbols
and lines) populations as a function of projected group-
centric radius. The data are plotted at the mean value of
each radial bin, which has a width of r200. The errors quoted
in Figure 10 include both
√
N counting statistics errors
and the classification scheme errors stated in Mahajan et al.
(2011), which are typically 1% for the virialized and infall
populations and 4% for the backsplash population. However,
the statistical errors quoted by Mahajan et al. (2011) under-
estimate the true uncertainty in computing the fraction of
virialized, infall and backsplash galaxies, as these authors
show that the fractions can change by a significant amount
(∼ 20%) depending on how the galaxies are classified.
From Figure 10, we see that at fixed radius the non-
subhalo and subhalo populations have very similar subpop-
ulations. In particular, within the virial radius both sam-
ples are dominated by virialized galaxies; though the non-
subhalo population has a slightly higher fraction of virial-
ized galaxies. Focusing now on the infall and backsplash
Figure 9. ∆cz/σrest versus rproj./r200 for non-subhalo (grey
crosses) and for subhalo (red triangles) galaxies. The blue slopes
indicate the line dividing galaxy populations (Equation 5) as de-
fined in Mahajan et al. (2011). Region A denotes virialized galax-
ies, regions B denote infalling galaxies and region C denotes back-
splash galaxies.
populations beyond the virial radius, we see that between
1 < r200 < 2 roughly two-thirds of the galaxies are part of
the backsplash population. However, in the 2 < r200 < 3.0
regime, the majority of the satellites reside in the infall pop-
ulation (∼ 80%). Even if we include the ∼ 20% range in
systematic uncertainties in classifying the infall and back-
splash population fractions, we find that infall galaxies still
dominate the galaxy population at large radii (& 2r200).
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Figure 10. Fraction of virialized (crosses), infalling (circles) and
backsplash (triangles) for the non-subhalo (black symbols and
lines) and subhalo (red symbols and lines) populations as a func-
tion of projected group-centric radius. The data are plotted at
the mean value of each radial bin, which has a width of 1 r200.
Errors include both
√
N counting statistics and the uncertainty
in the classification scheme given in Mahajan et al. (2011), which
are typically 1% for the virialized and infall populations and 4%
for the backsplash population. It should be noted that systematic
errors, based on the method of classification, are not included.
In general, our observed fractions of infall and back-
splash galaxies are in relatively good agreement with values
predicted from some N-body simulations (Gill et al. 2005;
Bahe´ et al. 2013). However, we do observe a higher fraction
of backsplash galaxies, at all radii, than predicted by the
numerical simulations of Wetzel et al. (2014). Although, if
we take into account systematic uncertainties based on the
method of classification, our observed fractions are in closer
agreement with those of Wetzel et al. (2014).
The results of Figure 10 indicate that the enhanced
quenching in subhalo galaxies seen beyond the virial ra-
dius in Figure 7 results from a combination of pre-processed
infalling galaxies and backsplash galaxies that may have
had their star formation quenched via processes related to
the host group. However, the largest, and most statistically
significant, difference in quiescent fraction between non-
subhalo and subhalo galaxies occurs at large radii (& 2r200:
Figure 7). Between 2 and 3r200 subhalo galaxies have fq =
0.63±0.07, while non-subhalo galaxies have fq = 0.49±0.03.
At these large radii the infall population dominates, in-
dependent of the classification scheme used. Additionally,
while the values of fq, at r > 2r200, in both the subhalo
and non-subhalo populations are higher than observed in
the field (fq = 0.41 ± 0.02), it is clear that a higher frac-
tion of subhalo galaxies experience enhanced quenching with
respect to both the field and the non-subhalo population.
Thus, the effects of pre-processing are observable and this
process likely plays a significant role in observed quenching
of some subhalo galaxies.
5 HOW SIGNIFICANT IS PRE-PROCESSING?
To determine the importance of pre-processing in groups
and clusters, we first quantify the fraction of galaxies that
reside in subhaloes (fsub) defined as the number of galax-
ies in identified subhaloes over the total number of group
members. In Figure 11 (left) we plot fsub versus host group
halo mass (Mhalo), whereMhalo is the luminosity-based halo
mass from Yang et al. (2007). The data points correspond to
values of fsub computed for individual systems and the hor-
izontal red lines represent the mean value of fsub computed
for each halo mass bin, which has a width of 0.5 dex. It can
be clearly seen in Figure 11 (left) that for halo masses below
∼ 1013.2M⊙ our automated subhalo finder does not identify
any subhaloes, which can also be seen in Figure 4. Between
1013.2 . Mhalo . 10
14.2M⊙, there is a mixture of systems
with and without subhaloes; while the most massive clusters
(Mhalo & 10
14.2M⊙) all contain subhaloes (Figures 4 and 11:
left). Although there is significant scatter in the fsub values
of individual systems, the mean values (red lines in Figure
11: left) appear to show a trend with halo mass, where more
massive haloes have a higher fraction of subhaloes. However,
more data is required to confirm the observed correlation be-
tween fsub and halo mass. A similar dependence of fsub on
halo mass is also seen in both SAMs (De Lucia et al. 2012)
and hydrodynamical simulations (Bahe´ et al. 2013).
The results of Figure 11 (left) provide information
about the relationship between fsub and halo mass; however,
as shown in Section 4.4 the subhalo population contains a
mix of both infalling and backsplash galaxies. In order to
better estimate the importance of pre-processing we must
examine the fraction of infalling subhaloes (fsub, infall) de-
fined as the number of infalling subhalo galaxies over the
total number of infalling galaxies, where the galaxies are
classified with the divisions shown in Figure 9. A value
of fsub, infall = 0 implies that all of the infalling galaxies
are either accreting directly from the field or are part of a
subhalo that is not identified by our algorithm (i.e. small
or not very kinematically distinct subhaloes). In addition,
fsub, infall = 0 could also indicate that either all of the sub-
haloes in that group are in the backsplash population or that
the group does not contain any identified subhaloes. A value
of fsub, infall = 1 indicates that all of the infalling galaxies
are in subhaloes.
In Figure 11 (right), we plot fsub, infall versus
log10(Mhalo/M⊙), where the data points indicate individual
systems and the red lines represents the mean value within
each halo mass bin. There are many groups (∼ 85%) with
fsub, infall = 0. However, similar to the fraction of groups
with subhaloes (Figure 11: left) the number of groups with
infalling subhaloes shows a trend with halo mass, where
fsub, infall increases with increasing halo mass. For groups
(Mhalo < 10
14M⊙) the sample is dominated by systems
with fsub, infall = 0, which results in mean fsub, infall - val-
ues < 5%. For clusters with 1014 < Mhalo < 10
14.5M⊙
the mean value of fsub, infall is ∼ 10%, which is in good
agreement with the fraction of pre-processed galaxies pre-
dicted by Berrier et al. (2009) for a similar halo mass range.
Only for the most massive clusters in our sample (Mhalo >
1014.5M⊙) do we find that a significant fraction (∼ 25%)
of the infall population reside in subhaloes. Taking these
average cluster values, we find that our results are some-
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Figure 11. Left: The fraction of galaxies in subhaloes (fsub) versus group halo mass in units of log10(Mhalo/M⊙), where Mhalo is taken
to be the luminosity-based halo masses computed in Yang et al. (2007). The data points indicate the value of fsub for individual systems
in our sample. The horizontal red lines indicate the mean value for each halo mass bin, which has a width of 0.5 dex. We see that the
mean value of fsub increases with increasing halo mass. Right: The fraction of infalling galaxies that reside in a subhalo (fsub, infall)
versus group halo mass Mhalo, where Mhalo is taken to be the luminosity-based halo masses computed in Yang et al. (2007). The data
points indicate the value of fsub, infall for individual systems in our sample. The horizontal red lines indicate the mean value for each
halo mass bin, which has a width of 0.5 dex. We see that the mean value of fsub, infall increases with increasing halo mass.
what lower than the values predicted by the SAMs of
McGee et al. (2009) and De Lucia et al. (2012), who found
that the the fraction of galaxies that accrete on to clusters
(with log10(Mhalo/M⊙) & 14) as members of groups with
log10(Mhalo/M⊙) > 10
13 ranges between ∼ 25−45%. A pos-
sible explanation for the discrepancy between our observed
value and values predicted by some semi-analytic models
(McGee et al. 2009; De Lucia et al. 2012) is that our au-
tomated subhalo finder cannot detect smaller and/or less
kinematically distinct subhaloes, and thus our fraction of
subhaloes is likely a lower limit (see Hou et al. 2012, for a
discussion on the limitations of the DS Test). Also, our sam-
ple of cluster-sized systems is small (∼ 14%) and since there
is significant scatter on the individual values of fsub, infall
(Figure 11: right), it is possible that our computed mean
value may underestimate the true fraction of infalling sub-
haloes in clusters. Additionally, we note that our automated
subhalo finder can only detect galaxies that are currently in
subhaloes; however, some galaxies may have been in a sub-
halo in the past and may have also been pre-processed. Our
methodology would miss such systems, and therefore our
computed fraction of infalling galaxies in subhaloes would
again underestimate the true value.
Based on the results shown in Figures 7 and 10, we con-
clude that the enhanced quenching in subhaloes observed on
the group outskirts (& 2r200) is mainly a result of the pre-
processing of infalling subhalo galaxies. While we do observe
a slightly enhanced queiscent fraction in the non-subhalo
population with respect to the field at large radii (Figure
7), this can potentially be explained by the ∼ 20% ejected
satellite between 2 . r200 < 3.0 (see also Wetzel et al.
2014). The main result of Figure 7 is that we observe addi-
tional quenching in the subhalo population, with respect to
both the field and non-subhalo populations, which hints at a
quenching mechanism related to the subhalo itself (e.g. pre-
preprocessing). Our results also indicate the importance of
pre-precessing to be a function of host halo mass. For group-
sized systems, pre-processing does not play a significant role
in star formation quenching; however, for the cluster-sized
systems, and in particular clusters with Mhalo > 10
14.5M⊙,
a significant fraction of the member galaxies appear to have
had their star formation quenched in smaller haloes prior to
accretion on the final (observed) system. Unfortunately, it is
not possible to further divide the results shown in Figure 7
by halo mass as the uncertainties become too large to draw
any meaningful conclusions and more data, especially mas-
sive cluster data, are needed. However, in a similar analysis
of rich clusters, Dressler et al. (2013) found that the frac-
tion of passive and post-starburst galaxies was significantly
higher in their identified infalling groups and they also con-
cluded that ‘substantial’ pre-processing had occurred. The
importance of pre-processing has also been studied using hy-
drodynamical simulations by Bahe´ et al. (2013). These au-
thors found a similar relationship between pre-processing
and halo mass where more massive systems had a much
higher fraction of galaxies that had been pre-processed.
6 CONCLUSIONS
We have looked at the infall and backsplash subhalo pop-
ulations in SDSS-DR7 groups and clusters, using a sam-
ple of satellite galaxies, which is complete to Mstar =
3.16 × 109M⊙. The aim of this work is to investigate the
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importance of pre-processing in group and cluster galaxies.
The Dressler-Shectman Test was used to identify subhalo
galaxies and we followed the methodology of Mahajan et al.
(2011) to classify virialized, infall and backsplash galaxies.
The main results of this analysis are:
(i) Subhaloes preferentially reside in massive systems and
at large group-centric radii;
(ii) The stellar mass distributions of non-subhalo and
subhalo galaxies are marginally distinct, where subhaloes
have, on average, slightly more massive galaxies;
(iii) Low and intermediate mass group galaxies out to
3r200 and high mass satellites close to the group core show
enhanced SF quenching with respect to the field;
(iv) On the group and cluster outskirts, between 2 .
r200 < 3.0, fq is higher in galaxies that reside in subhaloes
than for the overall satellite galaxy population at all stellar
masses;
(v) As a function of radius, the percentages of infall and
backsplash galaxies do not differ between non-subhalo and
subhalo galaxies;
(vi) Below halo masses of ∼ 1013.2M⊙, all groups do not
contain any detected subhaloes, while more massive haloes
show a scatter in the values in both the fraction of sub-
halo galaxies (fsub) and the fraction of infalling galaxies in
subhaloes (fsub, infall). Additionally, there appears to be a
trend between fsub and fsub, infall with halo mass, where
more massive haloes have both more subhaloes and more
infalling subhaloes.
The observed enhanced quenching in infalling subhalo
galaxies, defined based as having kinematic properties dis-
tinct from the host group, suggests that pre-processing does
play a role in galaxy evolution; however, the significance of
pre-processing depends on halo mass. Pre-processing does
not appear to be the dominant mechanism in groups and
low mass clusters (Mhalo . 10
14.5M⊙), but it does play a
significant role in producing the observed quenched fraction
in massive clusters with Mhalo > 10
14.5M⊙.
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